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ABSTRACT

Composite parts of nonuniform thickness can be fabricated by in-situ automated tape
placement (ATP) if the tape can be started and stopped at interior points of the part instead of
always at its edges.  This technique is termed start/stop-on-the-part, or, alternatively, tape-add/
tape-drop.  The resulting thermal transients need to be managed in order to achieve net shape
and maintain uniform interlaminar weld strength and crystallinity.  Starting-on-the-part has
been treated previously.  This paper continues the study with a thermal analysis of stopping-
on-the-part.   The thermal source is switched off when the trailing end of the tape enters the
nip region of the laydown/consolidation head.  The thermal transient is determined by a
Fourier-Laplace transform solution of the two-dimensional, time-dependent thermal transport
equation.  This solution requires that the Peclet number  Pe (the dimensionless ratio of inertial
to diffusive heat transport) be independent of time and much greater than 1.  Plotted isotherms
show that the trailing tape-end cools more rapidly than the downstream portions of tape.  This
cooling can weaken the bond near the tape end; however the length of the affected region is
found to be less than 2 mm.  To achieve net shape, the consolidation head must continue to
move after cut-off until the temperature on the weld interface decreases to the glass transition
temperature.  The time and elapsed distance for this condition to occur are computed for the
Langley ATP robot applying PEEK/carbon fiber composite tape and for two upgrades in robot
performance.  The elapsed distance after cut-off ranges from about 1 mm for the present robot
to about 1 cm for the second upgrade.
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1.  INTRODUCTION

Carbon fiber/thermoplastic composite tape can be used to fabricate a laminated part by in-situ
automated tape placement (ATP).  In this process, the tape is spooled out and progressively
welded under heat and pressure to a previous layer.  The steady state ATP process has been
modeled extensively, as, for example, in refs. 1-6.

Fabrication of complicated panels may require tape-adds and tape-drops, which are non-steady
processes.  In a tape-add, a new tape-end is started at an interior point of the panel.  This
process, also called start-on-the-part, was modeled in ref. 7.  The time-dependent, two-
dimensional thermal transport equation was solved analytically for a thermal source that
switched on at  0=t   just as the new tape-end entered the nip region of the
laydown/consolidation head.  The head started slowly and accelerated in an attempt to
compensate for the thermal transient and achieve uniform interlaminar weld strength and
crystallinity from the outset.  The slow start was also convenient for accurately placing the new
tape end.  The model implemented the variable head speed by means of a quasi-steady
approximation (QSA).  A final check, however, showed that the QSA was not valid initially
but became valid after a short distance.  Consequently, the goal of uniform interlaminar bond
strength and crystallinity was not achieved during start-up.  However, the length of the non-
uniform region was quantified for the present Langley ATP robot and two performance
upgrades and found to be less than 1 cm.

The present modeling effort concerns a tape-drop, or stop-on-the-part.  The approach is the
same as in ref. 7, except that the thermal source is switched off at  0=t   just as the trailing
end of the tape enters the nip region ( Fig. 1).  Varying the head speed is found to be useless as
a means of compensating for the stopping thermal transient, as will be explained.  One
modeling objective is to determine the length of the region of nonuniform weld strength and
crystallinity near the trailing tape-end (the affected length).

The speed of the head remains constant until the temperature on the weld interface decreases
to the glass transition temperature  gT .  Once this condition is met, consolidation pressure can

be released without concern for material springback that would interfere with achieving net
shape (the desired design shape).  A second objective is to determine the time and elapsed
distance from thermal switch-off until the head can be raised from the part.

2.  TIME-DEPENDENT MODEL

As mentioned, the stop-on-the-part configuration being modeled is shown in Fig. 1 at  0=t
when the trailing end of the tape enters the nip.  As the tape-end moves downstream, the
consolidation roller conforms around the tape-end to make continuous contact.  The model
uses a two-dimensional approximation that is valid when the Peclet number 1Pe>> , where Pe
is the dimensionless ratio of inertial to diffusive heat transport (ref. 3).  The  ( )yx,   coordinate
frame is at rest with respect to the head.  The origin is located at the nip, where the time-
dependent thermal input  )(tq   (in W m-1) is applied.  For  const.  ,0 0 ==< qqt , and for

0 ,0 =≥ qt .  The thermal conductivities of the supporting tool and the consolidation head are
taken to be the same as the average thermal conductivity of the laminated composite substrate.
This idealization makes all the plies thermally equivalent and facilitates an analytic solution.  At
distances far away from the nip, the temperatures in the tool and in the head are maintained at

∞T   (usually room temperature).  Subject to these idealizations, the thermal transport equation
is given by
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where  ),,( tyxT   is the temperature, ρ   is the density, pC   is the specific heat at constant

pressure, 2211   and  KK   are the tensor thermal conductivity components, )(tH   is the
Heaviside unit step function, and   )(xδ   and  )(yδ   are Dirac delta-functions.

In the steady state  ( )0<t , ( )yxTtyxT ,),,( 0= , and the thermal input  0q   is constrained so

that the temperature on the weld interface  ( )0=y   decreases passively to the glass transition

temperature  gT   at the downstream end of the consolidation head  hx .  This constraint, which

prevents the material from springing back downstream of the consolidation head, is given by

( ) gh TxT =0,0 (2)

Dimensionless (primed) quantities can be defined as follows:
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The partial derivatives then become
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and (1) becomes
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This equation is solvable analytically if  b   is a constant.  Taking the partial  't - derivative
gives
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where  '/'' tT ∂∂≡τ .  Equation (5) can now be solved by the method of Fourier and Laplace
transforms to give
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where  ( )',''0 yxT   is the steady temperature field, and  *t   is a dummy variable of integration.

From references [5] and [7], the steady temperature field is given by
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where  K0   is a hyperbolic Bessel function.  The constraint (2) is given in dimensionless

variables by
1)0,1('0 =T (9)

and its application to (8) yields
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Substituting (8) and (10) into (7) gives finally the dimensionless temperature field for stopping-
on-the-part
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3.  THERMAL TRANSIENT

Equation (11b) can be used to plot the isotherms of dimensionless temperature for various
values of  '  and  tb   after the thermal switch-off at  0'=t .  The nature of the thermal transient
in the composite substrate during stop-on-the-part is shown in Fig. 2 for  100=b .  (The
thermal state in the head is a mirror image.)  For small values of  't   (Fig. 2(a)), the isotherms
are essentially those of the steady state that existed before switch-off.  The movement of the
composite from left to right causes the rightward asymmetry.  The  1'=T   isotherm intersects
the weld interface  0'=y   at  1'=x  -- in agreement with the constraint (9) that the

temperature on the weld interface decreases passively to  gT   at the downstream end of the

consolidation head.

Figure 2(b) shows the isotherms at  001.0'=t .  At this time, the trailing tape-end is located at
001.0'=x .  Cooling due to the thermal switch-off has begun.  The peak temperature has

decreased and the temperature maximum has shifted towards the right to  003.0'=x .  This
shift of the thermal maximum exceeds the movement of the tape, which indicates that the
trailing tape-end is cooling faster than the rest of the tape.  This rapid cooling could weaken
the bond near the tape-end. The physical explanation for this cooling is that the tape-end is
located at the interface between the heated composite on the right and the unheated composite
on the left.  Diffusion will rapidly reduce the high thermal gradient across this interface by
causing heat to flow from the hot tape-end to the cool substrate immediately upstream of it.

Figures 2(c) and  2(d) show the isotherms at  01.0'=t   and  1.0'=t , when the tape end is
located at  01.0'=x   and  1.0'=x , respectively.  The thermal maximum continues to decrease
and to move to the right somewhat faster than the composite.  At  1'=t  (not shown), the tape-
end exits the consolidation head at  1'=x , and the temperature everywhere has already fallen
below the glass transition temperature  1'=gT .

A comparison with reference [7] shows that the thermal transient for stopping-on-the-part is
not simply the reverse of that for starting-on-the-part.  When the thermal source is switched
on, the thermal peak stays at the nip ( )0'' == yx   as the material heats up.  When the thermal
source is switched off, the thermal peak moves downstream with the material as cooling
occurs.  This feature precludes use of varying the head speed to maintain uniform interlaminar
weld strength and crystallinity with stopping-on-the-part.  The objective of varying the speed is
to maintain uniform residence time at temperature in the composite material by speeding up the
head as the isotherms enlarge (or, conversely, slowing it down as the isotherms contract).  This
approach works when the isotherms move with the head, as when starting-on-the-part.  It fails
when the isotherms move with the material, as when stopping-on-the-part, because changing
the head speed will not change the residence time at temperature.

4. CALCULATION PARAMETERS

Sample tape-drop calculations are done for the Langley ATP robot applying PEEK/carbon
fiber composite tape.  Present operating conditions of the robot correspond to  10≈b .
Calculations are also done for two upgrades in robot performance, which correspond to

1000  and  100 == bb .  These upgrades result from proportional increases in the head speed
U   and consolidation length  hx .  Increases in hx   are a natural consequence of making the

head more conformable.  Relevant temperatures for the ATP process include the composite



degradation temperature  dT   and the upper- and lower limits of the crystallization zone,  1cT

and  0cT .

The relevant material parameters are  -3m kg 1560=ρ , -1-1 K kg J 1425=pC ,
-1-1

11 K m W 6=K , -1-1
22 K m W 72.0=K , K 823=dT , K 5931 =cT , K 4430 =cT , and

K 413=gT .  (The value for  1cT  is from [6] and for  0cT   is from [8].)  The corresponding

dimensionless temperature values are  42.4'=dT , 5.2'1 =cT , 1.25'0 =cT , and  1'=gT .  The fixed

process parameters are  K 293=∞T , tape thickness  m 1027.1 4−×=d , and tape width

m 10175.3 2−×=w .

For the first calculation ( )10=b , the input power   W12700 == wqQ , and the speed and

length of the consolidation head are given by  -1s m 0425.0=U   and m 1027.1 3−×=hx .

In the second calculation  ( )100=b ,  W3970 =Q , -1s m 134.0=U , and   m 1002.4 3−×=hx .

The third calculation ( )1000=b   has   W255,10 =Q ,  -1s m 425.0=U , and  m 0127.0=hx .

5.  LENGTH OF TAPE AFFECTED BY THERMAL SWITCH-OFF

As mentioned, Fig. 2(a) shows essentially the static dimensionless isotherms for  100=b .  Fig.
2(b) shows the corresponding isotherms at  001.0'=t  after thermal switch-off, when the
trailing end of the tape is located at  001.0'=x .  The dimensionless length of tape affected by
the cooling due to thermal switch-off can be determined approximately as  009.0' =∆ affectedx

by comparing Fig. 2(b) to Fig. 2(a).  Figure 2(c) shows the isotherms at  01.0'=t , when the
tape-end is at  01.0'=x . The affected length is now  034.0' =∆ affectedx , as determined by

comparing again to Fig. 2(a).  Figure 2(d) shows the final stages of cooling at  1.0'=t , when
the tape end is at  1.0'=x   and the affected length is  14.0' =∆ affectedx .  These values and their

dimensioned equivalents are given in Table 1, together the corresponding values for  10=b
and  1000=b .  The largest affected length ( mm 8.1=∆ affectedx ) occurs for the second upgrade

( 1000=b ).

Diffusional cooling of the trailing tape-end, as described in this section, suggests that a similar
effect can occur along the side edges of the tape.  This effect could prematurely cool the side
edges and weaken the bond.  Although beyond the present scope, this three-dimensional effect
needs to be investigated.

6. ELAPSED DISTANCE FOR RELAXATION TO TARGET
TEMPERATURE AFTER THERMAL SWITCH-OFF

According to the model, to achieve net shape the consolidation head must continue to move
after thermal switch-off until the temperature maximum  maxT   decreases to the glass transition

temperature  gT .  Equation (11b) can be solved to determine the dimensionless time  't   when

the maximum dimensionless temperature  max'T   decreases to 1'=gT .  For  1000=b , this time

is given by  913.0'=t , as listed  in the right-most column of Table 2.  The elapsed distance
since switch-off is determined from the dimensionless position of the trailing tape-edge at this
time  913.0'  =edgetrailingx .  In dimensioned units, the elapsed time and distance are given by



ms 3.27=t   and  mm 6.11 =edgetrailingx , as listed in the same column.  These values are the

largest computed in this study.  The elapsed times and distances as  1''max =→ gTT  are also

given in the same column for  100=b   and  10=b .  Similar computations for other target
temperatures, ' ,' 1cd TT , and  '0cT , are summarized in the other columns of the table.

7.  CONCLUSIONS

Initially there was hope that the thermal transient that occurs during a tape-drop would affect
only the substrate upstream of the trailing tape-end and not the tape itself.  Unfortunately, the
transient overtakes and cools the tape-end as it moves away under the consolidation head.
This cooling, which can weaken the bond, results from the steep thermal gradient created by
suddenly switching off the thermal source at the tape-end.  Diffusion smoothes out the gradient
by causing heat to flow from the hot tape-end to the cool substrate immediately upstream.
(Although beyond the present scope, similar diffusional cooling can occur along the side edges
of the tape.  This three-dimensional effect, which could weaken the bond, needs to be
investigated.)

In dealing with the tape-drop thermal transient, there was hope that varying the head speed
after thermal switch-off could be used to help compensate, as in the tape-add transient.  In the
tape-add transient, the isotherms move with the tape head.  As the isotherms expand, the head
speed can be increased to maintain a constant residence time at temperature in the material.
Such a constant residence time can help achieve uniform weld strength and crystallinity.
Unfortunately, for a tape-drop, the isotherms after switch-off move with the material instead of
the head, so varying the head speed does not help.

The study, consequently, focused on determining the length of tape affected by the cooling
transient during a tape-drop.  This determination was done graphically by comparing the
isotherms at three times during the transient with the steady state isotherms that existed before
thermal switch-off.  The location of the trailing tape-end at these three times was an important
consideration.  The affected length was determined for the existing Langley ATP robot
applying PEEK/carbon fiber composite tape and for two upgrades in robot performance.  The
second upgrade had the greatest affected length (1.8 mm).

The study also determined the elapsed time and distance after switch-off before the
consolidation head could be lifted from the part without concern for material spring-back.
Such spring-back could impede the achievement of net shape.  The analytic solution, which
requires a constant head speed, was used to compute the elapsed time and distance for the
temperature maximum to decrease to the glass transition temperature.  The largest computed
values occurred for the second upgrade of the Langley robot.  The elapsed time was 27 ms and
the elapsed distance was 12 mm.  Smaller computed values were found for other target
temperatures, including the composite degradation temperature and the upper- and lower
temperatures of the crystallization zone.
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Table 1. Length of tape affected by thermal switch-off  affectedx ∆ .

edgetrailingxt  ''= 0.001 0.01 0.1

t , ms 0.030 0.30 3.0

edgetrailingx  , mm 0.0013 0.013 0.13

affectedx' ∆ 0.023 0.08 0.1410=b

affectedx ∆ , mm 0.029 0.10 0.18

edgetrailingx  , mm 0.0040 0.040 0.40

affectedx' ∆ 0.009 0.034 0.14100=b

affectedx ∆ , mm 0.036 0.14 0.56

edgetrailingx  , mm 0.013 0.13 1.3

affectedx' ∆ 0.0044 0.014 0.141000=b

affectedx ∆ , mm 0.056 0.18 1.8



Table 2.  Elapsed distance  edgetrailingx    for relaxation to target temperature.

42.4

''max

=
→ dTT

5.2

' 1max

=
→ cTT

25.1

' 0max

=
→ cTT

1

''max

=

→ gTT

edgetrailingxt  ''= 0.00486 0.0400 0.296 0.529

t , ms 0.145 1.20 8.84 15.810=b

edgetrailingx  , mm 0.00617 0.0508 0.376 0.672

edgetrailingxt  ''= 0.0213 0.0927 0.473 0.780

t , ms 0.636 2.77 14.1 23.3100=b

edgetrailingx  , mm 0.0855 0.372 1.90 3.13

edgetrailingxt  ''= 0.0367 0.154 0.573 0.913

t , ms 1.10 4.60 17.1 27.31000=b

edgetrailingx  , mm 0.466 1.96 7.28 11.6
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Figure 1.  Stop-on-the-part configuration at  0=t , when the trailing tape-end enters the nip
and the thermal source  0q   is switched off.






